We investigate the extreme ultraviolet (EUV) emission from targets containing tin as an impurity and advantages of these targets for ion debris mitigation using a magnetic field. The EUV spectral features were characterized using a transmission grating spectrograph. The in-band EUV emission energy was measured using an absolutely calibrated calorimeter. The ion flux coming from the plume was measured using a Faraday cup. Our studies indicate that 0.5% Sn density is necessary to obtain a conversion efficiency very close to full density tin. The usage of tin doped low-Z targets provide narrower unresolved transition array and facilitate better control over energetic ions in the presence of a moderate magnetic field of 0.64 T.
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Extreme ultraviolet lithography (EUVL) at 13.5 nm is a leading candidate for next generation high volume patterning 1 . The essential requirement for enabling this technology is to have a reliable, clean and powerful light source around 13.5 nm. The laser-produced tin plasma (LPP) has a strong potential to be the future EUV light source and offers higher conversion efficiency (CE) compared to xenon-based sources 1-3 .
However, apart from high CE, debris from the source and hence optics lifetime and spectral purity are the main concerns being addressed by the light source developers.
Condensable targets like tin can pose deleterious debris problems in commercial lithography processes. The biggest concern is the fast ions from the plasma that are expected to significantly damage the collector mirror by means of ion-induced mixing of multi-layer mirror (MLM), by etching and implantation of the MLM coating, which is located near the EUV light source 4 . Hence application of practical EUV sources without proper debris mitigation results in an EUVL tool with unacceptable operational lifetime.
Consequently various concepts have been proposed for controlling the debris from plasma including tape targets 5 , ambient gas for moderating the species 6 , foil trap 7 , cavity confinement 3 , application of electrostatic repeller fields 8, 9 , and magnetic fields 10, 11 . The other concept for reducing the debris is the usage of mass limited targets, where the numbers of the tin atoms are just enough to provide bright unresolved transition array (UTA) emission 9 .
Opacity effects significantly influence the EUV spectral energy from laserproduced tin plasma. Fujikoa et. al. 12, 13 studied opacity effects and suggested the optical thickness of the tin plasma should be controlled by changing the initial target density.
One of the most effective ways in accomplishing this is to use Sn atoms as a measurable impurity in the EUVL target. In this letter we report the advantages of using low-Z targets with tin as an impurity as well as effective mitigation of ion debris using a magnetic field. Our results show that the density of tin required for bright UTA is ~0.5%
and UTA from these targets provide high spectral purity in comparison with solid density tin. A moderate magnetic field of 0.64 T is found to be very effective for controlling energetic ions from tin doped low-Z targets. .
For producing plasma, 1064 nm, 10 ns (full width at half maximum, FWHM)
pulses from an Nd: YAG laser was used. The target was mounted in a vacuum chamber with a base pressure ~ 10 -6 Torr. The 60 µm diameter focal spot was measured using an optical imaging technique and remained unchanged during the experiment. The EUV emission from the plasma was measured using a transmission grating spectrograph (TGS) equipped with a 10,000 lines/mm grating and a back illuminated x-ray CCD camera. An absolutely calibrated Jenoptik EUV calorimeter was used for measuring the CE of the inband radiation at 13.5 nm with 2% bandwidth. The principle of operation of the EUV calorimeter was filtering out the in-band range from the broadband incidence spectrum of the EUV source by using a Zr filter and two Mo/Si multi-layer mirrors. A photodiode (IRD, SUXV-100) sensitive to EUV range was used for detection. The EUV calorimeter and TGS were placed 45 O with respect to the laser beam. Since the EUV plasma emission has got an approximately hemispherical symmetry 14 , the output from the energy monitor was simply integrated over a 2π solid angle for obtaining CE.
The ion emission from the plume was monitored using a Faraday cup. The ambient magnetic field is supplied by an assembly of 2 permanent magnets (B max = 1.2 T) mounted in a steel core, creating a uniform field configuration over a volume 5 cm × 2.5 3 cm × 1.5 cm. The maximum magnetic field is 0.64 T and is nearly uniform along the direction of plume expansion 15 .
For fabricating the tin doped foam bead targets, the required amount of tin oxide (SnO 2 contains 78.8% of Sn by mass) is dispersed in a resourcinol formaldehyde (RF, density 100mg/cc) solution and dried. The target beads are ~ 500 microns in diameter, and the morphology of the target was verified using a scanning electron microscope.
EUV spectral measurements with varying concentration of Sn showed the brightness of UTA was more or less constant when the tin density dropped from 100% to 0.5%
indicating that plasma is optically thick to 13.5 nm. Typical UTA recorded from full density tin target and 0.5% Sn doped foam targets are given in fig. 1 Compared to the solid Sn slab, the UTA emission from Sn doped foam targets showed reduced continuum emission and a narrowed spectrum peaked at 13.5 nm.
Fujioka et. al. 13 also observed similar narrowing of the UTA using low density targets and attributed it to a reduction of satellite emission from multiply excited Sn ions, and less opacity broadening during the radiation transport. Figure 2 shows the dependence of CE with laser intensity. All the measurements were done with a laser beam spot size of 60 µm. The CE of full density tin is found to peak around 4 × 10 11 W/cm 2 and obtained a maximum CE 2.04 ± 0.1 % while the highest CE obtained for 0.5% density tin is 1.95 ± 0.1 % peaked at 8 × 10 11 W/cm 2 . It shows a small density of tin is necessary to obtain the CE very close to the full density tin. White et. al 18 reported that CE measurement is very sensitive to the Sn charge state distribution.
According to Fig 2. a higher laser intensity is required to reach the same <Z> in the low
Sn density target than the full Sn density target. From figure 1. one can infer that for the same peak intensity, the measured CE for the 0.5% Sn density target has to be smaller than for the 100% Sn density target due to the steeper slope of the UTA feature on the low wavelength side.
Controlling and mitigating the fast ions from the tin target is one of the bigger challenges to overcome in order to successfully implement such EUVL sources as they are expected to significantly damage the collector mirror 4 . The ion debris measurements were carried out in the presence and absence of magnetic field using a Faraday cup In conclusion, we report the effectiveness of the tin doped foam target for ion mitigation using a transverse magnetic field. A moderate magnetic field of 0.64 T is found to be effective for mitigating energetic ions by more than one order when the tin is doped as an impurity in a low-Z target while the field only slowed down tin ions coming out from the fully density tin plasma. The low-density tin targets also provided high spectral purity by narrower UTA spectrum. The CE measurements showed 0.5% Sn density is necessary to obtain a CE that obtained with full density Sn. 
